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ABSTRACT
We measured methane and carbon dioxide fluxes at natural gas well pad soils and undisturbed
soils in the Rocky Mountain and Gulf Coast regions of the United States, including producing
and gas storage wells. We collected both short-term (15 minutes) and multi-day (between 3 and
8), continuous measurements at 47 well pads and two undisturbed locations. Methane fluxes
varied by more than an order of magnitude over periods as short as 30 minutes (e.g., 19 to 593
mg m-2 h-1 in one instance), and diurnal and seasonal variability was also significant (e.g., springto-fall change from 509 to 14174 mg m-2 h-1). We hypothesize that short-term flux variability
was caused by pulsed flow of methane during its migration through the subsurface. Barometric
pressure and well conditions likely impacted fluxes, but we found only weak evidence for this.
Bacterial methanotrophy appeared to impact methane flux magnitude and variability. We

injected methane into the subsurface at one well, and we found that, while fluxes of methane and
carbon dioxide, and combustible soil gas concentrations, increased in response to the injection,
the response was not uniform, and fluxes exhibited high hourly-scale variability, in spite of a
constant injection rate. Methane fluxes tended to be higher at well pad soils compared to
background soils (often much higher), and fluxes tended to be higher at well pad locations closer
to the well head.
KEYWORDS
CH4, emissions, soil flux, natural gas, gas migration
GRAPHICAL ABSTRACT

1. INTRODUCTION
Many studies have investigated emissions of methane from the oil and natural gas industry to the
atmosphere, especially during the past decade. Oil and gas-related methane emissions have been
estimated at the global (Schwietzke et al., 2016), national (Alvarez et al., 2018; Miller et al.,
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2013; Omara et al., 2018), regional (Foster et al., 2019; Riddick et al., 2019; Schwietzke et al.,
2017; Smith et al., 2017), facility (Brantley et al., 2015; Robertson et al., 2017) and component
(Allen et al., 2013; Hendler et al., 2009; Mansfield et al., 2018) scales. This work has provided
information that is being used to reduce methane emissions (Konschnik and Jordaan, 2018;
Lamb et al., 2015; Lyman et al., 2019) and evaluate the benefits and costs of oil and gas
production (Brandt et al., 2014; Howarth, 2015; Muresan and Ivan, 2015).
Few studies, however, had investigated the prevalence and impacts of natural gas leaks from
subsurface oil and gas infrastructure, which can result in emissions from soils to the atmosphere.
A prominent example is a well casing failure at the Aliso Canyon natural gas storage facility in
California. The resultant subsurface leak resulted in one of the largest natural gas leaks in the
history of the United States (Conley et al., 2016). Also, Kang et al. (2016) found that methane
emissions from plugged and abandoned wells in Pennsylvania are a significant part of total
emissions in the state. In other cases, methane emissions from the subsurface have been found to
be unimportant relative to other oil and gas sources (Lyman et al., 2017; Townsend‐Small et al.,
2016). Even small methane emissions, however, can indicate subsurface infrastructure failure
(Bachu, 2017) and can be associated with groundwater contamination (Cahill et al., 2018; Cahill
et al., 2017; Cheung et al., 2010; McMahon et al., 2018).
Well integrity failure is the generally-recognized cause of subsurface natural gas leaks, and was
discussed in detail by Cahill et al. (2019), Jackson (2014), and Davies et al. (2014). Well
integrity failure is caused by problems with well casing or cement that allow natural gas to
escape from the well and into the surrounding rock, groundwater, or surface soil. Casing
corrosion or failure can compromise well integrity (Davies et al., 2014; Jackson, 2014).
Shrinkage of cement can compromise the seal between the well casing and the surrounding rock
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or the casing, allowing gas to migrate along the rock-cement or cement-casing interface
(Dusseault et al., 2000), including from methane-rich areas above the producing reservoir
(Dusseault and Jackson, 2014). Bachu (2017) and Watson and Bachu (2009) found that the
majority of subsurface leaks from wells in Alberta, Canada, originated from methane-rich areas
above the producing reservoir. Montague et al. (2018) used statistical methods to determine that
well age, deviation of the well from vertical, and casing size are the most important predictors of
well integrity issues. Some wells in which cement does not extend throughout the full length of
the casing have been shown to leak (Lindeberg et al., 2017; McMahon et al., 2018), but Bachu
(2017) and Lyman et al. (2017) found that cement depth could not explain the observed
distribution of soil methane emissions. Operators are not required to monitor for subsurface
leaks at oil and gas wells in the United States.
While it is well known that methane fluxes at undisturbed soils and landfills exhibit temporal
variability (Christophersen et al., 2001; Le Mer and Roger, 2001) due to bacterial activity (Koch
et al., 2007) and atmospheric conditions (Czepiel et al., 2003; Simpson et al., 1999), less is
known about the temporal variability of fluxes at oil and gas well pads. Kang et al. (2016) and
Lyman et al. (2017) made short-term repeat measurements at the same well pads. Kang et al.
found relatively little variability in repeat measurements (for high-emitting locations; variability
was higher for low-emitting locations), but Lyman et al. found high variability. The difference
between the two findings could be due to the fact that Kang et al.’s flux chamber enclosed well
bores that were open in some cases, allowing for free flow to the atmosphere, while the
measurements of Lyman et al. were on soils without an opening to the subsurface. Because of
this difference, the portion of emissions measured by Kang et al. that were due to subsurface
leakage, rather than direct well bore emissions, is unknown. Other well pad soil flux
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measurements collected to date have included only one-time, short-term measurements
(Boothroyd et al., 2016; Day et al., 2014; Forde et al., 2019a; Townsend‐Small et al., 2016).
While these studies have provided an understanding of the causes and prevalence of subsurface
leakage, additional work is needed to elucidate the characteristics and magnitude of this source
across the industry.
Here we present long-term measurements of methane and carbon dioxide soil flux at producing
and gas storage well pads in the Rocky Mountain and Gulf Coast regions of the United States.
We collected both short-term and continuous measurements over several days from multiple
locations at these well pads during multiple seasons. We investigate here the extent and causes
of observed temporal and spatial variability.
2. METHODS
2.1. Sampling locations
We collected soil flux and other measurements at two salt dome natural gas storage facilities in
the Gulf Coast region of the United States, a depleted reservoir natural gas storage facility in the
Rocky Mountain region of the United States, two natural gas production wells in Utah’s Uinta
Basin, and two undisturbed locations near the Utah production wells (49 wells in total). We
sampled many wells at the gas storage facilities, and we conducted more extensive
measurements at one Gulf Coast facility and the Rocky Mountain facility (see additional
information in Section 2.4 and Table 1). Nondisclosure agreements prevent us from publishing
the exact locations of these facilities or information that could be used to identify them. All of
the wells were drilled vertically, none were hydraulically fractured, and all were cemented to the
entire depth of the casing.
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Table 1. Information about facilities included in this study.

Well age
(nearest
10 years)
40

Total
depth
(nearest
500 m)
2000

Surface
casing
depth
(nearest
50 m)
100

30

1500

200

Underlying
geology
Sandstone,
mudstone,
shale
Salt dome

10

2000

300

Salt dome

10

Utah production well 1 (UPW1) 20

3000

150

Unknown

Utah production well 2 (UPW2) 50

1500

100

Sandstone,
shale
Sandstone,
mudstone,
shale

Facility
Rocky Mountain Facility
(including RMW1 and RMW2)
Gulf Coast Facility 1 (including
GCW)
Gulf Coast Facility 2

Water
table
depth
(nearest
10 m)
>10

30

>10

We selected these facilities based on willingness of operators and land managers to provide
access. For the gas storage facilities, no attempt to characterize subsurface leakage had been
made in the past. The natural gas production wells were characterized by Lyman et al. (2017),
and we chose them for this study because they had previously exhibited high methane soil fluxes
(>10 mg m-2 h-1). More measurements are needed to determine the representativeness of our
results. 90% of gas storage wells in the United States utilize depleted oil or natural gas
reservoirs, while 9% are aquifer storage wells and less than 1% utilize underground salt domes
(Michanowicz et al., 2017).
2.2. Meteorological measurements
We measured temperature and relative humidity (New Mountain NM150WX), wind speed and
direction (Gill WindSonic), barometric pressure (New Mountain NM150WX), soil moisture and
temperature (Campbell CS655), and total incoming solar radiation (Campbell CS300) at each
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facility at 6 m above ground level and recorded these with a Campbell Scientific CR1000 data
logger. We checked all meteorological instruments against NIST-traceable standards at least
annually.
2.3. Soil fluxes of methane and carbon dioxide
We used a dynamic flux chamber to measure soil fluxes of methane and carbon dioxide. The
flux chamber and associated chemical measurements were the same as those used by Lyman et
al. (2017). Detailed information about testing and validation of the method, including detection
limits, were reported by Lyman et al. (2017) and Lyman et al. (2018). It consisted of a 40 cmdiameter half-sphere polycarbonate chamber attached to a stainless steel ring that was pounded
into the soil to create a seal. The chamber had a mixing fan at the top and a 1.2 cm hole on one
side for air to pass through. A vacuum pump pulled air from within the chamber (on the
opposite side from the hole) and from immediately outside the chamber through 0.6 cm PFA
tubing at 10 L min-1 and brought the air into an enclosed trailer for analysis. We used an LGR
Ultraportable Greenhouse Gas Analyzer with an LGR valve unit to sequentially measure
concentrations of methane and carbon dioxide in chamber and outside air. The valve switched
between inside and outside air every 2 min, so one flux measurement was collected every 4 min.
We used the last 60 sec of each 2 min measurement to calculate fluxes. We calculated fluxes as
F = (ΔC × Q) / S
Where F is the soil-air flux, ΔC is the difference in concentrations of the compound of interest
inside versus outside the chamber, Q is the flow rate, and S is the surface area covered by the
chamber.
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2.4. Sampling frequency and duration
2.4.1. Short-term flux measurements
At the two natural gas storage facilities in the Gulf Coast region, we measured soil fluxes over
15-min periods (two or three 4-min flux measurements) at every well at each facility. At the
Rocky Mountain storage facility, we measured fluxes over 15-min periods at 90% of the more
than 40 wells at the facility. For all the 15-min measurements, we measured at three locations
near the wellhead at each well. We attempted to space the measurement locations equally
around and within 1 m of the wellhead, but the locations of equipment on well pads occasionally
prevented this. In these cases, we placed flux chambers as close to the wellhead as possible, and
as close to equal spacing as possible. Our choice to sample only near the well head could have
led us to miss emissions in other parts of the well pad (Forde et al., 2019a). We collected 15-min
measurements at all three facilities in March 2017 and again in October/November 2017. At the
Rocky Mountain facility, 40% of the wells at which we sampled were the same in both
campaigns.
We collected between 9 and 16 additional 15-min flux measurements in October/November 2017
at two of the natural gas storage wells at the Rocky Mountain facility and one well at a Gulf
Coast facility. These three wells were selected because they all exhibited high methane fluxes
during the initial sampling campaign.
2.4.2. Long-term flux measurements
We installed subsurface probes to measure total combustible soil gas at each of the natural gas
storage wells at which additional short-term flux measurements were collected, and we returned
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to these wells to collect flux measurements over longer periods. We measured soil flux at six
chamber locations over four days at the two Rocky Mountain wells in January 2018, over four
days at the Gulf Coast well (GCW) in March 2018, and again over eight days at one of the
Rocky Mountain wells in November 2018. Throughout this text, we refer to the Rocky
Mountain well at which we sampled in January and November 2018 as RMW1, and we refer to
the Rocky Mountain well at which we only sampled in January as RMW2.
We measured soil flux from one chamber location each at two Utah production wells (UPW1
and UPW2) for three days during September 2017 and again for three days, with six chamber
locations each, during August 2018. These wells were selected because they exhibited elevated
methane soil flux in previous work (Lyman et al., 2017). We also measured fluxes with six
chamber locations at two nearby undisturbed locations (UUD1 and UUD2, which were within 5
km of UPW1 and UPW2, respectively) for three days in July and August 2018.
For the flux measurements from six chamber locations, we used a manifold with solenoid valves
to select among six flux chambers that were placed around each well, and we switched among
the chambers hourly. We discarded the first 30 min of each hour-long measurement period to
allow for equilibration of gas concentrations within the chamber.
2.5. Total combustible soil gas measurements
We collected combustible soil gas measurements similarly to Lyman et al. (2017) and Alberta
Energy Regulator guidelines (AER, 2018). We used a Bascom Turner Gas Rover to measure
total combustible soil gas concentrations. At GCW, RMW1, and RMW2, we measured soil gas
from pre-installed subsurface probes that consisted of 0.6 cm tubing buried in 10 cm diameter
holes that were augered to depths of 1.70, 1.20, 0.75, or 0.60 m. Some of the probes were
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clustered together, with three or four probes at these depths placed 0.3 m in horizontal distance
apart, in each cluster. The bottom 15 cm of each hole was backfilled with native soil. The next
15 cm was packed with sand, and the remainder of each hole, to a depth of 15 cm from the
surface, was filled with hydrated bentonite. The 15 cm from the surface to the bentonite was
capped, and we removed the cap to access the sampling tube. Most of the soil probes at GCW
filled with water, blocking flow and making soil gas measurements impossible.
After flux measurements were completed at UPW1, UPW2, UUD1, and UUD2, we pounded an
AMS soil gas sampling probe with a Retract-A-Tip sampling tip into the soil at the center of
some flux chamber locations and measured soil gas concentrations at 15, 30, and 45 cm depths.
We sealed around the probe with wetted bentonite before collecting each sample.
For all soil gas measurements, we allowed the soil gas analyzer to sample for 30 sec (the
analyzer’s flow rate is 1 L min-1) before recording its output.
2.5. Subsurface methane injection
To better understand short-term temporal variability in fluxes, we injected methane into one of
the soil gas probes at RMW1. For seven days we continuously injected high purity methane at a
rate of 100 mL min-1 (controlled with a mass flow controller, which was calibrated annually) into
the soil gas probe that had been installed at a depth of 1.2 m. Probes at depths of 1.6, 0.8, and
0.6 m were within 0.3 m of the probe into which we injected methane, and we measured total
combustible soil gas from these probes. We measured soil fluxes within 0.3 m of the probe into
which methane was injected.
2.6. Well properties
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The operator of the Rocky Mountain facility provided a dataset with well pressure, temperature,
and injection/withdrawal volumes for RMW1 and RMW2.
2.7. Data analysis
We created the spatial plots using the Pandas and Pyplot packages in Python. We calculated
confidence intervals for quality assurance data with Microsoft Excel (with the assumption of
normal distribution). For all other data, we calculated bootstrapped confidence intervals using
the Pandas, SciPy, and NumPy packages in Python. All confidence intervals shown are 95% and
are written as mean (lower confidence limit, upper confidence limit).
2.8. Quality assurance
The LGR analyzer was equipped with two lasers for methane. We used the low-concentration
laser for 0-2,000 ppm methane (and the entire measurement range for carbon dioxide), and the
high-concentration laser for 2,000-100,000 ppm methane. On each sampling day, we introduced
air scrubbed of methane, carbon dioxide, and water vapor to the analyzer as a zero check, and we
added calibration gas from certified compressed gas standards to the scrubbed air to check the
instrument’s calibration at several concentrations. We used a Teledyne API hydrocarbon
scrubber assembly (SKU 073380200) to scrub methane and indicating soda lime to scrub carbon
dioxide. We performed checks of the mass flow controllers used to regulate calibration gas
flows at least twice annually, and flows were always within 5% of expected values. In scrubbed
air, methane was 51 (33, 69) ppb, and carbon dioxide was 0.2 (0.1, 0.3) ppm. Recoveries for
non-zero calibration values were 102 (101,103)%, 101 (100, 102)%, and 103 (102, 104)% for the
low methane laser, high methane laser, and carbon dioxide, respectively. The detection limits for
methane and carbon dioxide fluxes were 0.06 and 18.9 mg m−2 h−1, respectively.
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We checked the total combustible soil gas analyzer at two points daily with a certified
compressed methane standard, and recovery was 102 (100, 104)%.
At some locations, facility operators asked us not to operate flux chamber mixing fans, since the
fan motors were not intrinsically safe. On two separate sampling days, we turned a mixing fan
on and then off again over 8 min intervals while measuring soil flux. We did not observe any
significant differences (α = 0.05) in methane or carbon dioxide flux between the fan-on and fanoff periods.
3. RESULTS AND DISCUSSION
3.1. Spatial variability
For most wells, we only collected samples in close proximity to the wellhead, since Lyman et al.
(2017) showed that flux magnitude at natural gas wells is inversely related to distance from the
wellhead. More recently, Forde et al. (2019a) found that flux magnitude was not related to
distance from the wellhead at wells in British Columbia, Canada, and others have shown that
distribution of leaked methane in soil and groundwater can be spatially variable (Cahill et al.,
2018; Cahill et al., 2017; Christophersen et al., 2001; Spokas et al., 2006). It is possible that our
focus on near-well head fluxes led us to miss some areas of elevated emissions. Figures 1, S1,
and S2 show the spatial distribution of methane flux at three natural gas storage wells. The
spatial distributions of fluxes in the figures are not uniform, but they do show that the highest
fluxes tend to occur closer to the wellhead.
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Figure 1. Spatial distribution of average methane fluxes around a natural gas storage well (GCW). The large
black circle in the center of the figure is the well head. Each colored circle represents a flux measurement
location. Circles with black or white dots (color choice is only to improve contrast) are locations where fluxes
were measured in March 2017. Circles with numbers are locations of 4-day flux measurements, and numbers
correspond with flux data in other figures. Other circles are locations where fluxes were measured in
October/November 2017. Arrows with distance information indicate the actual sampling location of the
corresponding circle.

Forde et al. (2019a) suggested that the spatial distribution of methane surface fluxes at well pads
could be influenced by drilling methods, non-uniform bacterial methanotrophy, or the presence
of preferential pathways in soils (Delahaye and Alonso, 2002). In particular, they highlighted
preferential pathways in low-permeability soils in their study area as a likely cause for elevated
methane flux distant from wellheads, and they described the soils they studied as “low
permeability silt-clay.” We did not measure soil permeability, but Lyman et al. (2017) measured
soil texture at wells in the Rocky Mountain region, including some of the same wells visited in

13

this study and found that most soils were sandy (59% sand on average) and were mixed with
gravel. Thus, the difference between flux spatial distribution in our measurements and those of
Forde et al. could be caused by differences in soil composition.
At both Rocky Mountain wells where soil gas probes were installed, total combustible soil gas
concentrations, like methane fluxes, were inversely related to distance from the wellhead
(Figures S3 and S4), and total combustible soil gas concentrations tended to be highest at a depth
of 0.75 m (Figures 2 and S5). This may indicate that the leaks that led to elevated soil gas
concentrations were shallow, though it could also indicate that a relatively impermeable surface
layer trapped natural gas just below the surface. Shallow leaks from the wellhead would have
had less time to migrate laterally before encountering the surface, and this is another possible
reason that fluxes at these wells had a stronger relationship with distance from the wellhead than
the wells sampled by Forde et al. (2019a). Lower methane at the near-surface depth in Figures 2
and S5 could be due to higher oxygen content in the near-surface soil, which would allow for
more rapid bacterial methanotrophy (McMahon et al., 2018; Teh et al., 2005). While we did not
measure soil moisture at multiple depths, this could also have impacted the vertical structure of
soil methane.
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Figure 2. Total combustible soil gas concentrations versus measurement depth (average over eight days in
November 2018) at four soil probes within 2 m of the wellhead at a gas storage well (RMW1). Whiskers
represent 95% confidence intervals.

Soil gas measured at shallower depths with the pounded probes used at production wells showed
a different trend, with increasing total combustible gas concentrations at decreasing depth
(Figure 3), though the data contain considerable scatter. Figure 3 includes data collected over
two years from the two Utah production wells mentioned above, as well as a subset of the wells
studied by Lyman et al. (2017) at which measurements were collected in the same way.
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Figure 3. Total combustible soil gas concentrations versus measurement depth at production wells in Utah
(average of multiple field campaigns). Whiskers represent 95% confidence intervals.

3.2. Seasonal variability
Pad-average methane fluxes at the natural gas storage facilities varied by an order of magnitude
or more between March and October/November 2017 (Figure 4). Since stored gas volumes at
the facilities we visited were at their maxima in fall and at their minima in later winter/early
spring, we expected that fluxes would be higher in October/November than in March. Average
fluxes were higher in October/November at the Rocky Mountain facility (facility-average flux of
87 and 976 mg m-2 h-1 in March and October/November respectively) and one of the Gulf Coast
facilities (1127 vs. 1385 mg m-2 h-1) but not at the other Gulf Coast facility (8 vs. -1 mg m-2 h-1),
and none of the differences were statistically significant (p values between 0.32 and 0.34). 57%
of wells exhibited higher fluxes in October/November. For the Rocky Mountain facility, we
only used fluxes from well pads that were sampled in both campaigns in this analysis.
To our knowledge, the only other study in which seasonal variability of methane soil fluxes from
well pads was measured was that of Lyman et al. (2017). They made repeat measurements at
production wells in Utah from 2013 through 2016 and found differences in fluxes of several
orders of magnitude between visits. For the most part, they were unable to determine a reason
for the observed changes. They did show that methane fluxes tended to be higher in winter (and
carbon dioxide fluxes were lower), apparently because cold temperatures limited bacterial
methanotrophy in winter. In the current study, soil temperature at the Rocky Mountain facility
was not significantly different between March and October/November, while the Gulf Coast
facilities had cooler soils in March (average difference of 4.0°C; t-test; p <0.01), which may
have led to increased methanotrophy and, thus, lower methane fluxes in October/November.
16

Other meteorological variables also differed between the two measurement periods, which may
have impacted results (notably soil moisture; it was 23.7 (19.2, 28.2)% by volume in March and
26.0 (21.6, 30.4)% in October/November at the Gulf Coast facilities and 21.7% ± 2.2 (19.5,
23.9)% by volume in March and 14.3 (9.9, 18.7)% in October/November at the Rocky Mountain
facility.

Figure 4. Average methane flux at wells visited in March and October/November 2017. Each blue and red
pair of bars represents one well. The y-axis is in log scale, so bars representing negative fluxes are not
displayed.

3.3. Short-term temporal variability
Figures 5, 6, S6, S7, and S8 show time series of methane fluxes for the wells at which fluxes
were measured over several days. These figures show that flux variability over several orders of
magnitude occurred at some of the same chamber locations from day to day, and sometimes over
30-min measurement periods (e.g., Chamber 5 in Figure 5). Chamber locations were not exactly
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the same between campaigns, which could explain some of the changes in fluxes from one
measurement period to the next in Figures 5 and 6. A summary of multi-day measurement
results is presented in Table 2.
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Figure 5. Methane fluxes over four days in January and eight days in November 2018 at a gas storage well
(RMW1). Each color represents a different flux chamber location. Numbers correspond with chamber
locations in Figure S1.

Figure 6. Methane fluxes over three days in September 2017 and three days in July and August 2018 at a
production well (UPW1). Each color represents a different flux chamber location.

Table 2. Summary of multi-day methane flux measurements. Data are shown as average (lower 95%
confidence limit, upper 95% confidence limit). Distance of each chamber from the well head is also shown (if
applicable).

Location
GCW
(storage)
RMW1 (Jan)
(storage)
RMW1 (Nov)
(storage)
RMW2
(storage)
UPW1 (2017)
(production)
UPW1 (2018)
(production)
UPW2
(production)
UUD1
(undisturbed)

Chamber 1
16237 (13552,
19206) 0.6 m
14472 (13140,
16009) 0.5 m
518 (462, 586)
0.5 m
4.98 (2.27,
7.03) 0.9 m
11626 (11474,
11787) 0.4 m
4968 (4888,
5047) 0.4 m
-0.26 (-0.74,
0.08) 0.9 m
-0.02 (-0.05,
0.01)

Chamber 2
743 (530,
1001) 1.7 m
138 (115, 168)
0.8 m
--

Chamber 3
80.6 (59.2,
105.8) 1.8 m
--

0.77 (-0.71,
2.01) 0.9 m
--

Chamber 4
0.48 (-1.05,
1.94) 1.7 m
2789 (2513,
3080) 0.5 m
74.6 (67.5,
2536 (2405,
82.6) 0.4 m
2704) 0.5 m
544 (473, 649) 351 (319, 384)
0.6 m
0.6 m
---

Chamber 5
277 (204, 363)
2.7 m
100 (85.5, 114)
0.8 m
-0.60 (-3.00,
1.29) 0.8 m
407 (332, 502)
0.6 m
--

Chamber 6
0.07 (-0.04,
0.18) 6.7 m
-0.11 (-0.48,
0.21) 11.0 m
-0.09 (-0.91,
0.44) 11.0 m
-0.06 (-1.34,
0.94) 13.7 m
--

1252 (1214,
1293) 0.9 m
-0.16 (-0.47,
0.00) 1.0 m
-0.02 (-0.07,
0.01)

52523 (50905,
54220) 0.5 m
-0.40 (-0.95, 0.07) 1.1 m
-0.02 (-0.07,
0.01)

490 (467, 515)
0.7 m
-0.16 (-1.04,
0.14) 0.6 m
-0.04 (-0.09, 0.02)

5871 (5533,
6148) 1.0 m
0.03 (-0.08,
0.19) 1.8 m
-0.02 (-0.05,
0.00)
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671 (641, 708)
0.8 m
-0.13 (-0.61,
0.22) 1.8 m
-0.02 (-0.07,
0.01)

UUD2
(undisturbed)

-0.03 (-0.05, 0.01)

-0.07 (-0.12, 0.05)

-0.03 (-0.05, 0.01)

-0.02 (-0.04, 0.01)

-0.01 (-0.03,
0.01)

-0.05 (-0.07, 0.04)

Some of the variability in methane fluxes over time could be caused by barometric pressure
changes, as has been shown by others for methane fluxes from landfills (Börjesson and
Svensson, 1997; Christophersen and Kjeldsen, 2001; Czepiel et al., 2003; Gebert and
Groengroeft, 2006) and an artificial methane release (Forde et al., 2019b). Decreasing
barometric pressure tends to draw gas out of the soil, leading to increased fluxes, while
increasing pressure has the opposite effect. Figure 7 shows that this relationship held for some
of the chamber locations at RMW1 in November 2018. No other correlations between methane
fluxes and meteorological conditions were observed at RMW1 or any of the other wells.
Barometric pressure effects on fluxes were not observable at the other wells at which long-term
sampling occurred, including RMW1 in January 2018.

Figure 7. Daily average methane fluxes at a gas storage well (RMW1) in November 2018 versus daily change
in barometric pressure. Chamber locations relative to the wellhead are shown in Figure S1. Only chamber
locations with fluxes consistently above 10 mg m -2 h-1 are shown. Whiskers show 95% confidence intervals.
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Daily average correlations of fluxes with barometric pressure changes were not consistently
positive or negative at the Utah production wells, either, but we only collected measurements at
these sites over three days, leading to small datasets. We did not observe any significant
correlations at shorter intervals (i.e., shorter than one day) for any of the sampling locations.
Barometric pressure effects on soil gases are more pronounced for areas with deep vadose zones
(Massmann and Farrier, 1992), and the shallow water table at GCW may have limited the impact
of barometric pressure (most of the soil gas sampling probes were blocked by water at this site).
We didn’t observe any consistent correlations with other meteorological parameters, except that
carbon dioxide fluxes were consistently positively correlated with soil temperature at well pads
and at the undisturbed locations, especially for the summertime measurements (r2 of 0.50 (0.37,
0.63) for all measurements from all wells during summertime; 0.18 (0.07, 0.29) for wintertime).
Figure S9 shows that decreasing well bore pressure was associated with increases in methane
flux at RMW2 in January 2018. We expected that increasing pressure would lead to higher
fluxes, but the opposite held in this case. We did not observe consistent relationships between
well bore pressure changes and fluxes at other wells, and we did not observe consistent
relationships between well bore pressure (as opposed to pressure changes) at any wells. We did
not observe any meaningful relationships of fluxes with injection or withdrawal volumes or well
temperatures.
Figure 8 shows a time series of fluxes from chamber 5 at RMW2 at higher temporal resolution
than in Figure S7, so rapid changes in flux that occurred at the location can be seen more clearly.
Fluxes at this chamber location sometimes changed by more than an order of magnitude over a
single 30-min measurement interval. Gas moving through subsurface water tends to coalesce
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into large pockets, leading to pulsed flow (DelSontro et al., 2015; Dusseault et al., 2000). Also,
passage through relatively low-permeability layers can require gas pressure to build up until it
exceeds a threshold value, again leading to inconsistent or pulsed flow (Forde et al., 2019a).
These complex flow processes likely explain the inconsistent correlations between fluxes and
meteorological and well conditions, and they may explain the high temporal variability in
methane flux observed at some chamber locations, including the behavior shown in Figure 8.

Figure 8. Methane fluxes measured at chamber 5 at a gas storage well (RMW2) in January 2018. The
location of chamber 5 is shown in Figure S2. The same data are shown in Figure S7, but with less temporal
resolution. Each blue line shows a time series of 4-min flux measurements over a period of 30 min.

Another driver of variability in methane fluxes is bacterial consumption of methane in the soil
(Forde et al., 2019a; Holmes et al., 1999; Lyman et al., 2017; Schout et al., 2019; Wolfe and
Wilkin, 2017). Bacteria consume methane and respire carbon dioxide, and the rate of bacterial
methane consumption changes with soil conditions (Christophersen et al., 2001). In our
measurements, methane and carbon dioxide fluxes at well pads tended to be positively correlated
(r2 = 0.41 (0.27, 0.55) for all chamber locations where fluxes were measured for at least four
days; 80% of correlations were positive), indicating that carbon dioxide and methane fluxes
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originated from the same source (i.e., subsurface natural gas leaks), as was shown by Lyman et
al. (2017). Carbon dioxide is less than 1% of natural gas in Utah production wells (Lyman et al.,
2017), and is very low in the processed gas at natural gas storage facilities (Faramawy et al.,
2016). In contrast, 75 (70, 80)% of the carbon content of measured fluxes in this study were due
to carbon dioxide. (This includes a number of cases for which methane fluxes were near zero. If
we exclude cases with methane flux less than 5 mg m-2 h-1, the percent due to carbon dioxide
drops to 48%.) A portion of these carbon dioxide fluxes can be assumed to have been due to
decomposition of soil organic matter (Schlesinger and Andrews, 2000), with most of the
remainder likely due to bacterial methanotrophy (Holmes et al., 1999).
We calculated total carbon flux as the carbon component of methane and carbon dioxide flux.
For well pad soils, we found that the percent of the total carbon flux that was due to methane was
positively correlated with the total carbon flux (r2 = 0.32 (0.18, 0.46)) for all well pad chamber
locations where fluxes were measured for at least four days; all correlations were positive). In
other words, higher total carbon fluxes tended to contain relatively more methane and less
carbon dioxide, which could indicate that the ability of bacteria to consume methane plateaus at
high methane concentrations in the soil (Forde et al., 2018).
In contrast, methane and carbon dioxide fluxes at the two undisturbed locations in Utah exhibited
opposite temporal trends (Figure 9 and Figure S10). Carbon dioxide fluxes peaked at midday,
presumably because soil was warmer, and bacterial respiration was at its peak. Methane fluxes,
which were negative on average (methane and carbon dioxide fluxes were -0.02 (-0.03, -0.01)
and 50.4 (45.6, 55.1) mg m-2 h-1, respectively, at UUD1 and -0.04 (-0.05, -0.03) and 65.4 (59.4,
71.3) mg m-2 h-1, respectively, at UUD2), reached a minimum at midday, presumably because of
bacterial methanotrophy (Börjesson and Svensson, 1997; Koch et al., 2007). We expect that this
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same process occurs in well pad soils, but our data do not show evidence for day-night
differences in fluxes at well pads. The higher variability in the magnitude of well pad soil fluxes
likely obscured relatively small day-night changes.

Figure 9. Methane and carbon dioxide fluxes at an undisturbed location (UUD2) in 2018. Fluxes from all six
chamber locations are shown in the same colors.

3.4. Subsurface Methane Injection
Figure 10 shows that total combustible soil gas concentrations, methane fluxes, and carbon
dioxide fluxes all increased after we began injecting methane 1.2 m into the subsurface. Total
combustible soil gas increased for about 48 hours, leveled off, and then increased again for about
24 hours before again leveling off. Methane and carbon dioxide fluxes followed this same
general trend, but with much more short-term variability.
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Figure 10. Methane and carbon dioxide flux and total combustible soil gas concentrations at a location at a
gas storage well in the Rocky Mountain region (RMW1) where we injected methane into the subsurface at a
rate of 100 mL min-1.

Methane and carbon dioxide fluxes measured near the injection location were highly correlated
(r2 = 0.95), probably because bacteria consumed some of the emitted methane and generated
carbon dioxide. Daily average methane and carbon dioxide flux was also correlated with daily
measurements of total combustible soil gas concentrations (r2 = 0.80 and 0.81, respectively).
Soil gas and fluxes from this location were not well correlated with barometric pressure changes
(r2 = 0.11).
At other locations, methane soil flux and total combustible soil gas concentrations were not
strongly temporally correlated (r2 range of 0.00 to 0.16). The flux chamber that was placed near
the injection probe was in the center of four soil gas probe locations, and it is possible that the
disturbed soil around the chamber created a preferential pathway that was responsible for the
strong correlation between soil gas concentrations and soil fluxes in this case.
3.4. Flux magnitude relative to other studies
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Methane fluxes in our study varied from less than zero to 52,073 mg m-2 hr-1 (individual 4minute flux measurements), compared to 1 to 10,417 mg m-2 hr-1 measured by Forde et al.
(2019a), less than zero to 38,000 measured by Lyman et al. (2017), and up to 19,600 mg m-2 hr-1
measured by Schout et al. (2019) (fluxes measured by Schout et al. were from augured holes).
Maximum fluxes for all four studies were within one order of magnitude of each other.
Lyman et al. (2017) estimated that emissions from natural gas production well pad soils
accounted for much less than 1% of total inventoried methane emissions from the oil and gas
sector in eastern Utah. They also showed that even the well pads with the highest-emitting soils
were still only responsible for a small percentage of total well-site emissions. Similarly, Smith et
al. (2019) used the data we collected at the Rocky Mountain gas storage facility in the current
study with direct measurements of above-ground emissions collected at the same facility (well
head emissions only) to estimate that well pad soils were responsible for an average of 3.9% of
methane emissions from well heads at the facility. Thus, it appears that soil emissions are, in
general, a small part of total methane emissions from the natural gas sector. Kang et al. (2016)
reported that abandoned wells constitute 4-7% of total anthropogenic emissions in Pennsylvania,
but their measurements included open, unplugged well bores, and so are not directly comparable
to this work.
4. CONCLUSIONS
These results show that, for the wells at which we collected measurements, total combustible soil
gas concentrations and methane fluxes were generally higher closer to the wellhead, though one
side of the well head often had higher emissions than the other. This spatial trend has not been
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observed in some other studies, most notably Forde et al. (2019a). Shallow leak points or
relatively permeable soils in the current study could explain this discrepancy.
Lyman et al. (2017) found large temporal changes in methane flux magnitude for a subset of
natural gas wells at which they collected short-term (30-min) measurements once or twice
annually, and they also showed seasonal changes in methane flux and in flux composition. In
this work, we also found large changes in short-term flux measurements at wells that were
visited in March 2018 and again in October/November 2018, though mean fluxes for all wells in
the two campaigns were not statistically significantly different. We also found that methane and
carbon dioxide well pad soil fluxes can vary by more than an order of magnitude over time
intervals as small as 30 min.
We found that, in one case, barometric pressure changes appeared to drive methane into or allow
it to be pulled out from soil interstitial space, as others have shown for other types of facilities
(Börjesson and Svensson, 1997; Czepiel et al., 2003; Gebert and Groengroeft, 2006). Changes to
well operations may also have influenced soil fluxes, though our data did not provide consistent
evidence for this. Others have shown that subsurface processes can favor pulsed flow of gases
through groundwater and soil (Dusseault et al., 2000; Forde et al., 2019a). Many of our
measurements exhibited rapid changes in flux magnitude, but our study design was inadequate to
determine the cause of this behavior. Methanotrophy by soil bacteria also influenced methane
soil fluxes in this study, as shown by the observed relationships between methane and carbon
dioxide (Lyman et al., 2017). In our subsurface methane injection experiment, even with a
known, constant subsurface emission rate, surface fluxes of methane and carbon dioxide near
that emission varied dramatically.
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This study shows that accurate quantification of emissions of methane from soils at natural gas
well pads likely requires detailed characterization of spatial and temporal variability (though
more work is needed to determine whether these results are applicable to well pads generally).
Short-term measurements or measurements with limited spatial coverage could lead to orders-ofmagnitude error in the total emission rate for the well pad. Also, because methane fluxes at well
pads exhibit a heavy-tailed distribution, spatially and/or temporally limited measurements across
many wells would likely still underestimate the population’s true mean (Frankenberg et al.,
2016; Mansfield, 2016; Townsend‐Small et al., 2016; Zavala-Araiza et al., 2015). In general,
however, methane emissions from well pad soils appear to constitute only a small portion of total
methane emissions from natural gas wells.
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